Introduction {#sec1-1}
============

A TrueBeam STx system is a commercial medical linac which can operate both in with flattening filter (WFF) and flattening filter free (FFF) mode. It\'s FFF mode can deliver treatments 2.4 to 4 times faster with a dose delivery rate of up to 2,400 monitor units per minute (MU/min) in the FFF mode; more than double the dose rate of most other radiosurgery systems.

Several previous studies have investigated the physical properties of FFF medical linacs, such as changes in \<d~max~\>, the depth of maximum dose deposition, lateral dose profiles and energy spectrum.\[[@ref1]--[@ref3]\] Various advantages of FFF beams compared to conventional beams have been identified\[[@ref4]\] such as reduced out-of-field dose for treatment delivery, reduced head scatter, reduced leakage from the multi-leaf collimator (MLC), improved contrast for portal imaging,\[[@ref5]\] reduced variations in beam steering and bending magnet currents,\[[@ref6]\] as well as the increased dose rate and consequently reduced treatment times.

In particular, the flattening filter is one of the main sources of scattered radiation which contributes up to 10% of the total photon fluence\[[@ref7]--[@ref10]\] and electron contamination which alters the depth of maximum dose with increasing field size.\[[@ref11]\] This enables for FFF, a significant improvement in out-of-field dose for small fields, which can be attributed to the change in the photon spectra,\[[@ref12]--[@ref14]\] when the flattening filter is removed from the beamline.\[[@ref3]\] The significance of other secondary byproducts, such as neutrons, from interactions of the primary beam with high atomic number materials of the gantry head has been confirmed with computational and experimental studies for higher photon energies.\[[@ref15]--[@ref18]\] By studying the effect of the FFF beams on the tenth-value-layer and the scattered dose inside and outside the treatment room, Kry *et al*.\[[@ref15][@ref16]\] and Vassiliev *et al*.\[[@ref18]\] reported reduced primary and secondary barrier thickness requirements of the order 10%-20% when using linacs with the flattening filter removed. Additionally leaf transmission is slightly reduced for FFF beams over conventional.\[[@ref19]\] Since the absence of the flattening filter (FF) reduces the scattered radiation, electron contamination, off-axis softening and rather flat output factor variation with field size, we could speculate that unflattened beams would improve the algorithmic dose calculations for intensity modulated radiation therapy (IMRT) fields and ease the computational modeling of the beam.\[[@ref20][@ref21]\]

There is general agreement that removal of the FF increases the photon fluence and hence the dose per pulse,\[[@ref6][@ref22]--[@ref24]\] resulting in reduced net treatment delivery time. Because of that characteristic FFF linacs are appealing for radiosurgery and provide improved patient comfort. Fu *et al*.\[[@ref25]\] investigated the delivery time of IMRT fields with and without the FF and demonstrated that the reduction of the delivery time becomes clinically significant for higher than conventional fraction dose. Reduced treatment times could provide an advantageous motion management also because the likelihood of motion decreases with the shorter time for treatment. This is important in stereotactic body radiation therapy due to respiratory motion.\[[@ref26][@ref27]\] Medical linacs with dose rates as high as 2400 cGy/min at 10 MV and 1400 cGy/min at 6 MV have been clinically installed in many institutions. Hrbacek *et al*.\[[@ref28]\] described commissioning results obtained with the Varian TrueBeam system in a FFF mode and the anisotropic analytical algorithm. However, in reality, little is known about the accuracy of delivery at these high dose rates, particularly for complex treatment plans with simultaneous motion of gantry and MLC aperture.

In this study we provide for the first time a quantitative dynamic dose delivery comparison of Varian TrueBeamTM operating at FFF mode for low and high dose rates, for the high dose fractions characteristic of few- and single-fraction stereotactic radiotherapy. The FFF modes operate at photon energies of 6 and 10 MV, designated here as 6 and 10 XFFF. Generally excellent agreement was found between 400 and 2400 MU/min delivery of 10 XFFF and between 400 and 1400 MU/min delivery of 6 XFFF for the eight lung SBRT VMAT plans considered in this study.

Materials and Methods {#sec1-2}
=====================

The TrueBeam system {#sec2-1}
-------------------

In this work a TrueBeam medical linac (Varian Medical Systems, Palo Alto, CA), equipped with a high-definition multileaf collimator (HDMLC-120) was used. In addition to conventional 6 and 15 MV beams with filter, a TrueBeam system offers FFF beams with much higher than previously available dose rates (for 6 MV, up to 1400 MU/min; for 10 MV, up to 2400 MU/min). Additionally it is equipped with an advanced digital control system which reduces the dosimetric errors by prospectively limiting the leaf speed in the MLC trajectories.\[[@ref29]\]

Planning software {#sec2-2}
-----------------

VMAT (Varian Medical Systems, Palo Alto, CA) has become available for the treatment and delivery of the arc-dynamic IMRT. It incorporates capabilities such as variable dose-rate, variable gantry speed, and fast dynamic multileaf collimators (DMLC), to optimize dose conformity, delivery efficiency, accuracy and reliability.\[[@ref30]\] VMAT is regarded as a complex treatment because the leaves of the MLC are continuously moving, and the gantry speed and dose rate can be modulated. Five clinically used single-arc plans for lung at 10 XFFF and three at 6 XFFF were randomly selected from our database to investigate dose discrepancy between high and low dose rate (DR). All patient plans were optimized using the Eclipse v.8.9 treatment planning system (TPS). For all plans the prescribed dose was 12.5 Gy and each plan was optimized accordingly in order to achieve the desired target dose and critical structures sparing. Dose calculations were performed using the anisotropic analytical algorithm (AAA). All plans were delivered on a Varian TrueBeam system and the dose rate was constant through the delivery of each plan.

Dose acquisition {#sec2-3}
----------------

The evaluation of the dosimetric comparison for low and high dose rate, of the FFF mode at 6× and 10×, was performed for both square fields and VMAT plans. Point dose measurements for square radiation fields of dimension 10 × 10 cm^2^ were acquired with an ionization chamber delivering 200 MU for two setups. The two setups were devised to test, within constraints of practicality, using different yet conventional dose rates for high-efficiency collection by ion chamber detectors to measure the relative response to machine output per monitor unit (MU) from the FFF beams at different MU/min. Firstly, a pinpoint (PTW TX 31014, inter-electrode spacing 0.85 mm, volume 0.015 cm^3^) and a Farmer (PTW N 30013, inter-electrode spacing 2.5 mm, volume 0.6 cm3) ionization chamber were respectively located with a source-to-surface distance (SSD) 380 cm, depth and backscatter of 15 cm solid water, and also in a second setup at an SSD of 189 cm, backscatter 10 cm, at two depths: 30 and 3 cm. For the VMAT evaluation, 5 SBRT plans for lung were generated with the Eclipse treatment planning system (TPS) (Varian Medical Systems, Palo Alto, CA) for 10 XFFF and 3 SBRT plans for 6 XFFF. Each plan consisted of a single arc and each was delivered at both low (400 MU/min) and high dose rate (6 XFFF: 1400 MU/min, 10 XFFF: 2400 MU/min). The dose measurement was done with a Delta^4^ 3D phantom that consists of 1069 silicon p-type diodes detectors mounted in two perpendicular planes (main and secondary board). These planes are embedded in a cylindrical PMMA phantom. The sensitive volume of each of the detector planes covers an area of 20 × 20 cm^2^. The resolution in the central 6 × 6 cm^2^ area is 5 mm and is 10 mm in the outer area. Further details on the design, accuracy and use of Delta^4^ phantom have previously been discussed.\[[@ref31][@ref32]\]

Dosimetric Comparison {#sec2-4}
---------------------

The dosimetric comparison was established in the relative percentage dosimetric error (RDE) described as follows:

![](JMP-37-193-g001.jpg)

where DLow,DR and DHigh,DR is the measured dose at each diode detector of the Delta^4^ at the low and high dose rate (DR) delivery, respectively. The brackets in equation 1 indicate an averaging operator: The %RDE is the average percent relative dosimetric difference between the high and low DR for the same photon energy over all the diode detectors of the Delta^4^ for which the measured dose is above a minimum value. We shall refer to that minimum dose value as the threshold. Previous studies have considered a fixed value of dose as a threshold or a percentage equal to 10% of the maximum dose for IMRT plans.\[[@ref33][@ref34]\] In our study we considered as a threshold both 10% and 1% of the maximum dose, D~max~, as measured with the Delta^4^ for each VMAT plan. However for illustrative purposes in our further analysis, we shall provide the %RDE for a wider spectrum of the threshold values.

Results {#sec1-3}
=======

Delta^4^ performance compared to point measurements for square fields {#sec2-5}
---------------------------------------------------------------------

A set of experiments were performed with square radiation fields and ionization chamber for 6 XFFF and 10 XFFF with an emphasis given at 10 XFFF due to its clinical significance for SBRT. Firstly, the chamber was located at depth of 15 cm and SSD of 380 cm. At that distance and depth the actual dose rate at the detector position is reduced by a factor of \~ 20 relative to D~max~ at isocenter. [Table 1](#T1){ref-type="table"} reports the %RDE for point measurements with both Farmer and pinpoint ionization chamber. We notice that the %RDE measured using the pinpoint for the 2400 dose rate 10 XFFF was 0.10% ± 0.07% (standard error) higher than that measured with the Farmer, i.e., not significantly different, while the %RDE is reduced slightly by 0.09% ± 0.07% (standard error) for the 1400 dose rate 6 XFFF compared to the 2400 dose rate 10 XFFF, when measured with the Farmer chamber.

###### 

Point dose measurements for 10×10 cm^2^ radiation field at SSD=380 cm
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The experiment was repeated for the same field size but with an SSD = 189 cm. In that case the actual delivered dose rate was higher than previously due to the decreased SSD. The %RDE was essentially the same for both energies \[[Table 2](#T2){ref-type="table"}\]. Finally, we increased the delivered dose at the measurement point by decreasing the ionization chamber depth distance from 30 to 3 cm and found that the %RDE was essentially the same as previously.

###### 

Point dose measurements for 10 × 10 cm^2^ radiation field at SSD=189 cm
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Since some or all of the dosimetric difference between high and low dose rate might be attributable to differences in the recombination factor, we examined that hypothesis by following the procedure described in AAPM TG-51 report\[[@ref35]\] and repeated the experiments for two voltage values (300 and 150 V) at high and low dose rate for both energies. [Table 3](#T3){ref-type="table"} reports the results of the measurements with a Farmer ionization chamber. We found that the percentage recombination was essentially the same with mean 0.42% and standard deviation ±0.05%. To further test the dependence of recombination on dose rate, the measurements were repeated with a pinpoint chamber which has a smaller inter-electrode distance and consequently smaller recombination factor. The difference in percent recombination between the two dose rates was 0.04 ± 0.6 and 0.03 ± 5 for 10 and 6 XFFF respectively, while for the pinpoint was -0.03% ± 5 This experiment shows that the measurement variability in output between the different dose rates cannot be accounted for by differences in the recombination factor.

###### 

Effect of chamber voltage on the measured dose at SSD=189 cm
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Square-field irradiations (20 × 20 cm) were also measured with the Delta^4^ centered at SAD 100 cm. The mean values for the differences in the dose readings between the two dose rates were 0.91± 17 XFFF) and 0.64± 11% (6 XFFF). A linear dose response was confirmed for both 10 XFFF and 6 XFFF (data not shown).

Dosimetric difference between low and high dose rate for 6 and 10 mv X-rays in fff mode for VMAT {#sec2-6}
------------------------------------------------------------------------------------------------

Dosimetric comparison between high and low dose rate was examined for VMAT deliveries. In Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"} the dose differences between the low and high dose rate deliveries of a VMAT plan are shown, for 6 and 10 MV respectively. Diodes measuring less than 1% of D~Max~ were excluded from the diagrams. We notice that for some areas of the field, the %RDE is as high as 1.5%.

![VMAT planar distribution of the RDE for the two detector planes of the Delta4 for 6 XFFF (a) and 10 XFFF (b)](JMP-37-193-g005){#F1}

Eight patient treatment plans were considered in our analysis. [Figure 2a](#F2){ref-type="fig"} illustrates the average %RDE for one patient as a function of the threshold, expressed as a percentage of the maximum dose D~Max~. We observe that the %RDE tends asymptotically towards a steady value after a threshold of \~10% of D~Max~ for both energies. [Figure 2b](#F2){ref-type="fig"} shows the distribution of the RDE as a function of the measured dose. The larger variability of the %RDE occurs for the diodes in the low dose region.

![(a) Average % RDE for one patient VMAT plan as a function of threshold for 10 XFFF (solid line) and 6 XFFF (dashed line). (b) Distribution of % RDE as function of the measured dose at each diode](JMP-37-193-g006){#F2}

[Table 4](#T4){ref-type="table"} reports the results for the 8 VMAT treatment plans considered in this study for both energies. The parentheses in the two right-most column headers denote the threshold percentage of D~max~ used for calculation of the mean %RDE. Below-threshold doses were excluded from the calculations. The %RDE averaged over the VMAT plans were 0.83 ± 0.51% and 1.28 ± 1.02% for 10 XFFF and 6 XFFF, respectively, for a threshold of 1% of D~max~, and 0.81 ± 0.08% and 0.59 ± 0.15%, respectively, for a threshold of 10% of D~max~. We observe that the %RDE are more irregular with the 1%, as compared to the 10% of D~max~ threshold, which might be attributed to the greater relative effect of stochastic fluctuations of the Delta^4^ diode measurements in the low dose regions.

###### 

Maximum dose (D~max~) and mean %RDE for the VMAT plans. The parentheses in the two right-most column headers denote the threshold percentage of Dmax used for calculation of the mean %RDE
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Finally [Figure 3](#F3){ref-type="fig"} illustrates the %RDE as a function of the dose rate for both square radiation fields and VMAT plans as measured with the Delta^4^. For comparison we have also included the %RDE calculated with an ionization chamber. Similar trends appeared for both energies. In particular, VMAT plans measured with the Delta^4^ showed slightly higher %RDE than square fields measured with the Delta^4^, which showed higher %RDE than square fields measured with ion chambers, and all %RDEs increased with increasing dose rate.

![% RDE (%1D~max~) as a function of the dose rate for 10 XFFF. (a) and 6 XFFF. (b) Solid line (triangle markers) represent measurements with ionization chamber for square fields. Dashed and dotted line show measurements of square fields with Delta^4^ for 200 MU (circle markers) and 2500 MU (square markers) delivered. Dashed line (diamond markers) show results for VMAT plans measured with the Delta^4^](JMP-37-193-g008){#F3}

Reproducibility and dose dependence of dosimetric error {#sec2-7}
-------------------------------------------------------

To examine the reproducibility of the measurements, we repeated the delivery of one plan five times at 10 XFFF and dose rate 2400 MU/min. [Figure 4](#F4){ref-type="fig"} illustrates the spatial distribution of the standard deviation of the measured dose at each diode detector.

![Spatial distribution of percent relative standard deviation of measured dose at each detector of Delta^4^. Left and right panel corresponds to the main board and secondary wing of the Delta^4^](JMP-37-193-g009){#F4}

Discussion and Conclusions {#sec1-4}
==========================

In this work we investigated the fidelity of dosimetric accuracy of TrueBeam in FFF mode for 6 and 10 MV photon energy in VMAT plans. The evaluation was established on the basis of relative percentage dose error between high and low dose rate. In particular, from point dose measurements with an ionization chamber and square radiation fields, the error was of the order of 0.3-0.4%. Contribution to this error from ion recombination was negligible as verified following the procedures of the TG-51 report. We need to stress that previous studies\[[@ref36]\] have demonstrated the underestimation of the recombination factor based on the two-voltage method but for higher dose rates the error is negligible. Square radiation fields were measured with the Delta^4^. The linearity of its response with respect to the delivered dose was confirmed, and average %RDEs of \~0.91% and 0.64% for 10 XFFF and 6 XFFF respectively, between high and low dose rate were recorded.

Our analysis was extended to VMAT plans measured with the Delta^4^. The average %RDE over 8 delivered SBRT plans in total, was calculated for both 10 XFFF (\~0.83%) and 6 XFFF (\~1.3%) which was higher than those of the square radiation fields. From [Figure 2a](#F2){ref-type="fig"} we may observe that the %RDE tends asymptotically towards a constant %RDE value equal to 0.8% for 10 XFFF and 0.6% for 6 XFFF when a dose cutoff equal (or larger) to 10% of D~max~ was considered. Finally, the reproducibility of the delivered dose appeared satisfactory for both photon energies.

In this study, only single arc plans were considered. For VMAT deliveries, the %RDE was greater compared to square field radiations as measured with the Delta^4^. By use of more arcs per fraction, the dose modulation per arc would be reduced. This would likely result in higher gantry speed and less MLC motion. Such clinical deliveries were not tested in the present study.

The accuracy (average error) and the precision (the variation of the error) of the dose delivery are of interest for patient treatment. Robinson *et al*.\[[@ref33]\] have demonstrated that an explicit correction factor would be necessary for the 6 XFFF mode with a diode array when compensators were used for beam modulation. The systematic error due to the Delta^4^ and the output of the TrueBeam operating at high dose rate could be corrected with an approach similar to that proposed by Bertelsen *et al*.\[[@ref34]\]

In conclusion, it appears that there is a dosimetric error of \~0.3-0.4% introduced by the high dose rate FFF modes, assuming as gold standard the results from ionization chamber measurements. It was found that the Delta^4^ systematically overestimated the dose-rate dependency error by \~0.5%. No additional dose-rate dependent discrepancies were found from VMAT delivery. The biological and clinical effects due to the small relative dose differences between high and low dose rate deliveries are expected to be minimal.
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